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Introduction

Composite films containing ferroelectric ceramic inclusions in the matrix

of suitable polymers may possess high dielectric constants with good

electrical breakdown strength and enhanced piezo- and pyroelectric

coefficients. Such composite materials will have commercial applications

as high energy storage capacitor and piezo- and pyro-electric sensors

including medical uses. It has been our objective to prepare and study

the electro-active properties of such composite films with suitable

ceramics such as lead zirconate titanate (PZT) embedded in the matrix of

polymers such as polyvinylidene fluoride (PVDF), copolymers of vinylidene

fluoride and trifluorethylene (VDF-TrFE). The following is an account of

the work performed in our laboratories. There have been six publications

with the results of this work and copies of these (reference item 4 - 8

and 15) are included in this report.

2. Sample Preparation

Several types of Polymer/ceramic composites have been prepared by mixing

PZT powder with an average grain size or 20pm with different polymers

using a rolling mill operated at 433k. The composite hides were then

pressed in a temperature-controlled hydraulic press to thickness in the

range l0 - 800Mm. The use of high quality chromium plates for pressing

allowed the production of films with a good surface structure. Samples

were then thoroughly cleaned with isopropyl alcohol in an ultrasonic bath

to remove surface contaminants and thus improve repeatability of data

obtained with dielectric and electrical measurements. The following five

different types of composites have been prepared with different volume

fractions of the two phases.
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Table 1:

Materials Designation

(i) PZTS/PVDF (50:50 Vol%) Composite A

(ii) PZT5/PVDF (50:50 Vol%) Composite B

(iii) PZT5/VDF - TrFE (50.50 Vol%) Composite C

(iv) PZT5/VDF - TrFE (50:50 Vol%) Composite D

(v) BaTio /PVDF (40:60 Vol%) Composite E

PZT and BaTlo 3 powder with an average grain size of 20m were purchased

from Unilator Te:hnical Ceramics of Ruabon U.K. Pellets of PVDF (solef

1008) and VDF-TrFe (Solef 11010) were kindly supplied by Laporte

Industries of Lutcn, U.K. Electroactive properties of four composite

films, together with those of Piezel (see Appendix for specification), a

commercially available composite of PZT/VDF-TrFE, manufactured by the

Daikin Industry Limited of Japan have been studied in the present work.

These studies include (i) dielectric properties in the frequency range

10- 4Hz to 10 kHz (ii) absorption and desorption currents up to 105 seconds

after application and removal of poling voltages up to 1O
7
Vm

- I 
in the

temperature range of 293 - 378K, (iii) thermally stimulated discharge

current (TSDC) and (iv) the pyroelectric behaviour in the temperature

range of 293 - 378K.

3. Experimental

Aluminium electrodes of area 2cm x 2cm were vacuum deposited on both sides

of each composite film. The samples were then thermally treated in an

evacuated measurement chamber at a pressure of 10
-6 

torr at 373K with

their electrodes shorted for at least 12 hours before any dielectric and

electrical measurements were made.

The dielectric dispersion measurements were made using a General Radio

Bridge (type 1621) or with a system comprising of a Solartron frequency

response analyser and BBC microcomputers which have been recently developed

in our laboratories.

3
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The absorption current and TSDC measurements were made in a stainless

steel vacuum chamber (<10 -6 torr). Temperature was controlled to within

0.25K using a Eurotherm controller. A high voltage was applied to samples
from a Brandenburg photomultiplier supply and the currents were measured

with a Keithley (model 616) digital electrometer suitably interfaced to a

microcomputer which stored data, performed transformations on line and

plotted curves.

The pyroelectric currents were measured using a direct method [1] by

applying a linear hp'ting rate cf :;;:73x.m>iely 1 c per minute to the

samples which have been poled appropriately. The pyro- electric current

responses were also studied by a dynamic method [2,3] by exposing the

samples to a well-focussed radiation from a tungsten filament lamp.

4. Results & Discussion

Although six different types of composites (Composites A - E and

Piezel) have been studied in this work, the most interesting

composites are possibly samples A, B, C, D and Piezel. PZT 5 materials

(composite A and C) are donor doped with niobium, compensation being

achieved by electrons or cation vacancies. These defects lead to higher

domain wall mobility and greater dielectric losses. The electro-active

properties of composite A and C were observed to be similar and to avoid

duplication this report will include only the results obtained with the

Composite C.

PZT 8 materials (composite B and D) are acceptor doped with iron which

results in oxygen vacancies to compensate for the charge deficiency. It

is believed that these vacancies associate with the domain walls within

the grains, thus effectively pinnihig them. Thus reduction of mobility is

the cause for the lower dielectric losses in PZT 8. Once again the

electro-active properties of the composites B and D were observed to be

similar and the report will not include the results obtained with the

composite D. The electro-active behaviour of the remaining composite E

(BaTiO3/PVDF) appears to be less attractive in comparison with PZT based

4



composites (prepared in our laboratories) as may be observed from the

attached publication [reference 15].

4.1 Dielectric Behaviour

Figure I shows the behaviour of the real and imaginary parts (c and

c 1) of the complex dielectric constants [5) of the composite samples

B (PZT8/PVDF) and C (PZTS/VDF - TrFE) and Piczel in the frequency

range of 10 Hz to 105Hz. It may be observed that in the high

frequency region the values of cI are about the same for all three

composites. However, at low frequencies the c values are

significantly different. According to Yamada et al [9) the

permittivity c, for a composite system is given by

C = c + nq (c - ) (

nc + (c - c ) - q)1 2 1

where n is a parameter attributed to the shape of the ellipsoidal

ceramic particles, q the volume fraction of the ceramic particles, c

the permittivity of the continuous polymer (host) phase and c2 the

permittivity of the ellipsoidal ceramic particles. Taking the value

of c (PVDF) = 11, c = 1240 (PZT) and the value of n chosen as 8 to1 2

fit equation 2. the calculated values of the relative permittivity c

at I kHz are 20 for 10% vol. PZT and 90 for 50% volume fraction of

PZT. These calculated values are in reasonable agreement with the

experimentally observed values (figure 1). The dielectric loss (c'1)

behaviour shows a broad peak in the region 103 - 104 Hz which may be

due to the relaxation of the polymer phase which occurs at similar

frequencies and temperature region.

The dielectric loss is seen to increase considerably at low

frequencies particularly for higher content of PZT in PZT/PVDF [7]

indicating the dominance of PZT at low frequencies.

Figure 2 shows the dielectric loss behaviour [7] against temperature

in the composite of PZT/PVDF and Piezel. The observed peaks which
occur at - 360K in PZT/PVDF and at - 350K in Piezel are due to a

relaxation which is associated with molecular motions In the

5
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crystalline region of the polymer. The observed behaviour (figure 2)

of c 1 also demonstrates the substantial contribution of the Interfacial

effect of the polymer-ceramic composite materials at high temp.ratures.

4.2 Absorption Current Studies

The time dependence of charging currents in PZT/Polymer composites [5]

are shown in figure 3. It may be observed that in all cases the

currents decrease monotonically with time following the well known

expression
I(t) = A(T) t

-n  2)

where A is a temperature dependent factor, t the time after

application (or removal) of the external voltage and n 1. For the

upper two curves the behaviour of I(t) is similar for the two

composites which were prepared using different types of PZT and

different polymer grades of equal volume percentage between the

ceramic and polymer phases. The current in piezel samples was

observed to reach a steady state level at -l05s whereas in the

composites B and C, the time taken to obtain a steady state conduction

level was observed to be shorter. The analysis of the study state

current in the composition for different temperature and fields [7,8[

(see figure 4) show that its behaviour is governed by an ionic hopping

mechanism with a substantial contribution from the PZT phase at high

temperatures. Assuming a model of liffusion of lattice defects or

ions and a carrier hopping process (10] the following expression is

obtainable for a steady state current I for low fields.
s

.edf.

I = I exp (-p/kt) Sinh (- (3)

when I is a constant, p the activation energy, E the electric field,

of the jump distance and the other symbols have their usual meanings.

Equation 3 reduces to

I =1 exp (-P/kt) exp (edE/2kt  (4)Is o k 2t

which is similar to an expression derived by Lawson 111] for the high

field dependence. Fiom the ionic conduction plots, obtained in this

work (see figure 3) the value of jump distance d, and the activation

energy E, for the composite were observed to be 9Onm and 0.eV

Immmm , ] 6



respectively [7]. These values are slmilai to those of PZT [7), thus

suggesting that the origin of the steady state conduction is of ionic

nature in both materials and that the role of PZT is dominant in the

conduction process for the composites. A comparison of data for 10%

and 50% volume fraction of PZT shows that as the content of PZT phase

is increased, the magnitude of jump distance (d-value) increases.

4.3 Thermally Stimulated Discharge Current (TSDC) Studies

TSDC analysis of polymer solids provides quantitative information of

bulk polarization and qualitative information of molecular motion and

anisotrophy of microstructure. The thermoelectric schedule of a TSDC

analysis is as follows (see figure 5). A polarizing electric field is

applied across the sample at an elevated temperature. The material is

then cooled to a suitable low temperature in the presence of the

field. The external field is then removed. The sample now possesses

an electrical 'frozen-in' persistent polarization. The electrodes of

the sample are then shorted and the material is heated at a slow

uniform rate (-10 /minute). As the temperature rises, the induced

persistent polarization begins to decay, and whenever a temperature

range is encountered over which the decay rate matches the time scale

of the experiment, there follows a release of some of these charges.

A plot of this current as a function of temperature is a TSDC

thermogram.

A TSDC analysis obeys the following expression:

w = A/bkT
2  

(5)m

where w is the test frequency, A the apparent activation energy, b

the inverse heating rate, k the Boltzmann's constant and T the
a

temperature at which TSDC reaches its maximum. Figure 6 shows [12]

typical TSDC spectra of corona poled PVDF from which it can be seen

that increasing the polarizing voltage increases the magnitude of the

current released. Both curves display a broad peak at -49
0
c and have

similar profiles.
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A typical pattern [7] of TSDC spectra of PZT5/VDF-TrFE with 50:50 Vol % is

shown in figure 7. The sample was poled in air at a field of

1.2 x 107 Vm
- 2 

at 373K for 2.8 hours and then cooled to room temperature

in the presence of the field. It was then placed in a vacuum

measurement chamber for TSDC measurement The first run shows a very

high increas in current with no peak up to 373k. From the shape of

the curve it may be possible to observe a peak if it was heated above

373K. A similar observation has also been made by Shakhtakhtinski et

al [13] in which no peak has been observed below 373K for a composite

of PZT/polyethylene. The second TSDC run shows a substantial

reduction of current as some space charges have been released during

the first heating (TSDC) run. The third subsequent heating shows no

appreciable reduction of current, thus establishing a truly

pyroelectric current of dipolai origin. This latter point is further

discussed in the next section.

4.4 Pyroelectric Behaviour

The pyroelectric behaviour of the composites have been investigated in

the work both by the direct method [I] and by the dynamic method (2,3]

as mentioned earlier. In the direct method [I] which is probably the

more accurate of the two, the pyroelectric current I is related to
P

the pyroelectric coefficient p(T) thus,

I =a p (T) dT (6)
p dtd

a Is the electroded sample area and dT/dt the rate of change of

temperature. It should be noted that I is the short circuited

current measured at a uniform heating rate. Thus the reversible

pyroelectric coefficient can be directly determined from the TSDC

runs, mentioned in the previous qpction provided the trapped space

charges have been eliminated with several TSDC runs.

The pyroelectric coefficients as a function of temperature, obtained

by the direct method [2] for the composites B (PZTS/PVDF), C (PZT5/

VDF - FrFE) and plezel are shown in figure 8 from wiich [5] it may be

observed that the sample B with the highest dielectric loss (see

8



figure 1) has the lowest pyroelectric coefficient at low temperatures,

whereas sample C and piezel appear to have similar p(T) values.

Factors such as elastic stiffness, thermal expansion of the polymer

and internal stresses may contribute significantly to the observed

differences in p(T) values of the present results in the same manner

as the result of Galgoci et al [14] showed.

The dynamic method [2,3] provides an alternative way in measuring the

pyroelectric response of materials. The pyroelectric coefficient p(T)

in this method may be obtained from the following relation 12).

Ip(max) = Bp(T) (7)

Fa
with B= - 0(8)pCpL

p

where Ip(max) is the peak value of the pyro~lectric response when a

thermal radiation is incident on the surface of a sample with shorted
electrodes, p the density of the material, F the radiation power

0

absorbed per unit area of the electroded sample, C the specific heatp
of the sample material of thickness L, a the electroded area of the

sample and 0 = Ce/Cth where Ce and Cth are the electrical and thermal

time constants of the system respectively.

In this work I (max) has been measured after the completion of thep

third TSDC run of the prepoled sample in order to establish the true

reversibility of the pyroelectric response. Figure 9 shows the

behaviour of the pyroelectric current peak Ip(max) obtained by the

dynamic method as a function of the poling fields (51 at 333K and

373K. It may be observed that the data show an approximately linear

relationship at the respective temperatures and within the range of

fields employed in this work.

Now Ip(max) measured with the dynamic method, must be related to the

p(T] values obtained by the direct method Figure 10 shows a plot [51

of Ip(max) dynamic method/p(T), direct method for the Sample C at

333K. This relationship appears to be linear, as expected, and is

expressed thus,

9



I p(max)= Gp(T) (9)

where G = 2.1x 10
- s 

m
2 
s-K which may be considered as a constant for

the same sample material with the same electrode geometry for the same

incident power of radiation. The thermal and electrical time constant

of the system, of course, remain unchanged.

An efficient poling is obviously achieved at high temperatures, fields

and at lonp poling time. Care should, however be exercised that the

material does not suffer an electrical breakdown. The resul
t
q of a

study of these three poling parameters, i.e. the poling field E ,

temperature T and time t with respect to the inducedP P
pyroelectricity, have been summarised in figure 11 for the composite C

(PZTS/VDF-TrFE, 50:50 vol%). It may be observed that a pyroelectric

coefficient of - 14 x 10
-
5 C m-

2
K
-1 

can be obtained for the composite

C with E = 1 x 107 Vm
-I 

T = 373K and t = 8 hours with thermal
p p p

poling.

Finally Table 2 summarises the results of the present stud'-; of the

electrical, dielectric and pyroelectric properties of all tie

materials which have been investigated in our laboratories including

the composites B, C and E and piezel. It is evident from these

results that the pyroelectric coefficient p(T) of composite C is about

an order of magnitude greater than those of the homopolymer PVDF and

piezel. The figure of merit (p(T)/c
2
) of the composite C is also

higher than those of P2T, PVDF and piezel by the same amount.

Conclusion

It has been possible to produce mechanically strong films of ccramic

copolymer composite (PZT5/VDF-TrFE, 50:50 vol%) which are

significantly better than piezel with respect to their pyroelectric

properties. Composite C is thus an attractive and marketable sensor

material which may have considerable advantage in industrial, aefence

and bio-medical application. This project has produced new useful

material with desirable electro-active properties.

10
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F'gure 4: The behavi'r cf c" aga-.st te=pErature in

0<

4-1-4 c c e a

-hehaviur cf ?ZT sh c.s no strcture an a m..nt.-.i decreae
: crasig te.7erat.,re.

:::w t e ti. edede etfetc c discharQe Cu -er.t in a dielectriC 7ay N e
used to determine the dielectric loss oa-:tt usg the o -i g
a7 rcxi-2tic 7 due to ?a-mn

c, f ="t l O ! f (4)

2 - 2 C • V

here 7(t) Is the magnitude of the discharge current at a time
arter the removal of voltage V, C the geometric capacitance cf
electrode geometry withott the sampie and f the Hareon frequency
(=0.1/t). This method has been employed in figure 5 to determine
e'-aviour of the composite at Ilow freque:ncies in the range 10

- 5 
to 2

x '0-!z. The observed location of the peak (figure 5) corr sponds,.ell to that of the polymer, thus suggesting again that the
dielectric behaviour of the composite is in good agreem.ent with that
of the polymer.

in the direct method for the determination of the pyroelectric
coefficient p(T) a poled sample is hea-..d at a constant rate of
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Fi.gure 5: Lcw fre;Luency characteristics ci c' i

pe1:5.5 x :o

_;-a r S r-

- -' -ewih it eet: a & -C t h reeti

to e S' 3 S.* 3 asUre tc: CtaS C\- 
0

r 5- -

3 r V eD 3.. X< hch is 7,gz,:car nt I y. g-er
ti~an thtofFD. ( ~xIVC' C,'- '0) at the sa-.e te;eraturo

r.. t'e d' t-<c r 2ho .re pvceect ri-c cc,_ fic4eflt is S ge N

olclowing expreesto,

Ip (rN) = Np(T *..(6)

Fa

:Cpd-

where Fe is the radiation power absorbed per unit 3rca' of thet

electorded sample, a the elcctrod e &e, the density of sirnpie,
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Cp the specific heat, d the sample-hiukness, Ip(max) the peak value
of the pyroelectric current and %,- where e and 7r are
the electrical and thermal time costarts mf this system
respectively. Ip (max) has generally teen measured in the present
work in the following maner.

The samp-e s charged at 323K -:.- aS at a suitable potential,
It is then discharged for 20 hours at the same temperature. Ip

(max) is then measured by illuminating the sample surface with a
step input of thermal radiaticn. In :rder to observe the behaviour
of the irreversible and reversible pyroelectricity I;(max) was
measured (i) after 3 hours of ischarge, (i4) after 20 hours cf
discharge, (iii) following :D hours or discharge at 32>.: an7
subsequent heating cf the sample at 377. and (iv) finally after twO
thermal cycling cf the sample from 3]] - 37-K aft;r 20 hours cf
discharge. Th.e results are show in figure 5 from which it may be

Figure 6: Behaviour of pyroelectric peak current in composite a:
various mes and after thermal treatment.

Sample was charged fcr 2dh a- 21%, 323K and discharged
at 323CK. Points were ieasured at 3231K.

*11

observed that a decay of 12% of Ip(ma:) was observed after 20 hours
of discharge compared to that after 3 c-rs of discharge. A further

reduction of Ip(nax) of about 5C% occurs after the sample is buated
to 371K with its electrodes shorted. ':o further decay of I;(max)
was observed on subsequent thermal cycling, thus establishing a

stable and reversible pyroelectricity in the composite. Fur-her
work is necessary to determine p(T) by the dynamic method as he
magnitude of Cp is not accurately known for the composite.

In conclusion, it is suggested that the steady state conduction
behaviour in the polymer - ceramic composite may originate from an
ionic hopping mechanism which is doninated in the PZT phase.
However, the dielectric loss process may be largely due to the
polymer phase with some significant contribution by the PZT phase at
low frequencies and hi'gh temperatures. The pryro-electric
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Electrical and dielectric properties of poll mer-cemmic composites

D.K. Das-Gunta and M.J. A--ullah

School of Electronic z-ngineering Science, University College of
North Wales, Dean Street, Bangor, G.y.nedd 1 7 IL7

AS..CT: Com.ocsites cf Lead Zirconate Titana-e (-CT) Lnid
po':'vinylidene fluoride (PVDY) were pre.ared a-nd its eletrical
and dielectric behavicurs were analysed-. PZT phase has been
suggested to have a sigrificant contrioutzon on the electrical
conduction and low frerency dielectric loss at hich
temperatures. The pvroelectric be2h aviour obtained from
composites of different materials may suggest that the elastic
stiffness and thermal expansicn of the polymer matrix were am-ng
the factors contributing to the measured p roelectric activity.
A higher pyroelectric figure of -erit as corpared to PT has
been achieved in one of the PZT/PCtY copcsites.

1. 7:NZR.ODU~fC:; C

re-re!ctric comn.>sites of ceramic and rclv-er have lately received
considerable attention due to their advanzages in .iezoelec-ric
proper-ties for transducer a.pications (Skirner et al 1973, Ne niam
et al 1930). There are m.any ways ,n producing ceramic/poy-er
compcsites (New-n2 et al 1978) but the simplest method is by
introducing the cera=.mic particles into the poly-mer matrix. In this
type of composite, the ceraic particles are not in contact with
each other while the polymer phase is self-cornected thus having
formed a 0-3 connectivity (Newnh.n et al 1978). The ceramic/
polymer composites thus constitute a new structure which might
differ in many respects from their single phase components. Hence
the design of the compcsites with optmm properties becomes very
challenging since its properties do not only depend on the
materials and the co.positions but also on their interccnnecticns.
Present work reports the results of a study of the electrical and
dielectric properties in PZT/P',DF composites.

2. EXPERIY ,' TAL

Composite samples are prepared from PZT ceramic powder (PZT5 and
PZTS, supplied by Unilatcr, U.K.) mixed up with F%'LF pellets
(P'DF(A) is solef 11010 and PvtF(B) is solef 1008, obtained from
Laporte Trad., U.K.) at 443K using a hot roller machine and then
pressing into film of 250 -cm in a te-,perature-controlled hydraulic

f 19SS IOP Publishins Uld
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press. After depositing an aluminium elec-trode of 2cm x 2 cm onboth sides of the film, the samples were therm.ally treated in an
evacuated measurement chamber (<10-5 to-r) at 373K for -24 hours
before any measurements were perfco-,.mi.' The dielectric
i --.n4ttivity ani the dielectric loss were .easured using a General
adio Bridge cr a Sola-,ron :7-A. ;oletric activity was
m, easured by a direct met-hod ('yer and Roumdy l97Z), in which a
linear heating rate of 1C/min is enplcved .e p rc-lectric
responses were also studied by a dyna.m--ic method (S-ovand
Shaulov 1971, Das-Gupta and Doughty 1960) by e>..posing the sa-.ples
to a well focused light from a tungsten filae-nt. Some results
obtained on PIEZEL (composite of PZT and F cc.oc!aer, supplied
by raikin Industries Limited cf Japan) are also cresented.

3. PZSLTS ASND DISC'CSSION:S

The t4-'me dependence cf charging currents in 'i'-- ccmpsites
are shown in Fig--re 1. it may be ohser-e that in all cases the
curre.ts decreasing ronctonously with t .a ti- t di_=e.,-t rates

0 a PZT- VD' S) 01/0)

; 1 10 .3 '}

t Is .d

-;I. 1 Cl.argi., currents ;a PZT/?VCDF a'4 P a'. 3.2-K ;nd fle'.
1.75 . 10' Vm-

"
.

cf decay. Hlowever, for the two upper curves which were cbtained
using different types of PZT and different F-DF grades of equal
vol-me percentage between ceramic and pol-mer phases, the
difference is not so significant. The current in ?iEZEL samole was
cbserved to reach steady state level in the region cf -i05 sec
whereas in t-he prepared composites the tine talen is shorter.
indeed, the steady state level could he reached at earlier tL.es as
t-he te-perature and field are increased. The analysis of the
steady state current in the compcsites shc'-ed that its behaviour is
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governed by an ionic hopping mechanism with a substantial
contribution from PZT phase at high ternperatures (Das-Gupta and
Abdullah 1986, Das-Gupta and Abdullah 1987).

Figu-re 2 shows the behaviour of the dielectric periittivity and
loss in the composites. In the high freqaency region, the values
of E' are about the sane for all corposites but at the lower

PZ -/PVDF 151 C/5O: E'ts c" [-) -} 15

210 Pz27/PVDFW .5C/SC': ',0), C"*A)

CS N.

SPICE:L :cI{.).c"(c -14 ,

N .]

0 A

AA

0

C A

AA -

F- 2: T~e te, a ::,r c! C" 4; c" a-a % ;..-.;.. in zZT/Pe,'--F
2.')d P; :-,-.. at ! .63 K .

frez-uencies, their values tend to differ signfianly -in e
calcliated perz..ttivities of the prep ared: co.-,posites using -,-.e
equation given by Ya_7.a.da et al (!5-2) are in good agre--,t with
-he observed values (Das-Gup.:ta and A>!ullh 1987). The dielectric
loss be-haviour show.s a broad Dea < in the region 103-,.04 Hz which

may be due to the relaxation of the polv",er phase which occurs at
&iilar frequencies and temperature region. The high dielectric
loss at low.er freque-ncies seen-ed to be significantly due to PZT
phase as had been revealed in the .previous results (Abdullah a-nd
Das-Gupta 1987, Das-Gupta and AbdullL-h 1987).

Thne large difference of losses at !c'.er frequencies between these
composites ray be due to the different t -pes of PZT being enployed
which ray arise from their differences in microstructures (dom.ain
walls, cyaltese d (rain boundaries). Furthermore, e
added irmpurities (which are usually present and of diffent kinds
for diffent PZT types) into t-he PZT phase ray also cause such a big
difference of c" values (Lines and Glass 1979).
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4
! that the data s"c.- an a-zox=.ae'- linear

re o-'5'sh at te aertesa-r- then . ran,'. 0f ':es of
tnhe n.easuzem-ents. 0tvicsly effficie-t oling is achieve:! at hirh
temperatures a-d fe'-s as long as it dces nc -ef reach t...-n
field of' the sazles Prther n.e a sur e.-en-ts on P ZC /7t(A )
established a linear relationshi*p betveen p-~ a.-. p() at 233X
(see Figure 5) as:

where K = 2. 1 x 3-5 nr
2 
.s.cX2, hincould be consideCred as a

conmstant for the san.e s&:-pl aaera having th e san-e electrode
geonmetry with the incident light perand th-e eleotrical and
therral1 tin-e constant of the system remain unchanged.
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POLYM'ER-CERAMIC COMPOSITE MATERIALS \\ITH HIGH
DIELECTRIC CONSTANTS

D K. Dk-GUPTA A\D K t)OLUiSTY

LI-e17LL'UT UK ;

Th po~blivof employing nz z cspst maeral forcaarr
d :ectrics has bee iesgaedusing as'se naihhc ; crm;
powders (lead cicnt iaae aebe noprtdin a pz' v:-,c- r i p
oiin' lidene fcorid ei). Thre results indicate itM is Ps:' iZ)exibl:C

compsit maerils wth ielctrc costats ao rder:: ~-uc -- 'ter tha-n

ofsuh mterils"ill dependonhecocofcrmcatia a'' t
rviha

redcea osd surface, texture and a loss' oonceni.ra:ton ot t:0 cc
n Czt nc to bc a Pi wi 1:u raido n

The constant rno' ement towards tne .- itret: ..... , ::r
coupled ";:h te nee tIo C store -lareer ;L :nri n Saa 'o s-son as fuele a
seuron0or nsa- dieeti; ae~~ soo ~leal a ::h nro' t b

reel~ed. Te "rsen enerationoflwIac'.....posh is -

pola pa1' netssuch as pol' .pro'lent ahich ha. ea~ %Cr% lo-A teOtife~< n

about 2 but can Aithstanid 'cry high fel!ds'. InA'ceS tiat!,nel increases
a i:th decreastng thickress dow n to a tess' microcns altuh- hcrsistance of suc'h
ttlmrs to heat damnage is not great.

High permittivitv ceramics ha; e been taionlyused in high \ollage
capacitors because of their hich brcakdo;' n 'otcs o-sr heysferfo
poor mechanical strength and thereforec Cannot beepoe!o h;Ch ftc Is. Th;s
effectixely means that they caninot beniatrcd

Considerable research effort is today dircted tO~' axis spel gro" n Ihmn
films of materials such as aluminiumn oxide is ichmxi pr.o' ide both a31 high:1
diclecsric strength and a high perm"-\it ,s Hos'e'C. sc maitr alt ate nct yet
a' ailable co,-nme rciallv ana their propecrties are as y ct not fUll) established.
Furtherinore, the technology is not a' silable for prodccinc s;ch materials in tOe
areas and thicknesses required for commecrcial applications in c:apacitolrs.

Y~i5.h~4 '~ x '0 C ttes, S-,4C-c is rhC cl'e t
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Hence, the irterrnediate appr-oach : ce o empIc% a compositemaera
"Ahich mitt~ Combkine -.- '.:-o 1'c -"' cakd o-r and 'ab r 37j 0o

prcptr:ies Ofra po'rnr Ottto.~ 2 ~ f a
cer'amizc A ccomp-ste m -7a:-.rial . 'L s ,-n-4 - .

n -. . r . ;- ,: o -,

In ihe prcsenti Aom c :n : ru .- ",-aS%5''7 k 5
2a zeir c crnate -sitaa -:t ; P Z T) c sn 'f. \ pk k:-i D r ..d

(PVD F are rep;ortzed. These mate c7::s-, c: cr c S- s om"-- z: na'o n for-
a c-apacito cgr.ade compst b. L- -. -'' n: cx N r-,Is of -,'-r -r!C:a c a2sses.
ITihk are alis o kn oar t- ,o be!u):-n Nz-.1n e 7 a... :C
Mt the 4Celd Ofcon-p-Ccsepeo>:::
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suppphied by Laport Irdsmie of 1-:,r. n.L.K. T .- m'-cd in a -- :s
--c a -J 'K. ' . . . .- -<

-- i. .Th .s fhc

- cio i -s aTc, c % an s o vcL

chmer a': a ' presur oftan :L: Tar:. To 1 tra to T n :

"as estabhshrd: us~n naL tcnrc 'h ' "aso: a ae to sap
..I a 2rand-crbU-, -,C~ %k- ir u ncrc mcsucda i a

Ketbilcy mlodel 61N die'ta I toccosa d. a tocmpr
Acor n 13BhP)%% ;ch sto-e d 6: lote curic a-------ttsotations On

Dielectric n'-" "ccPCrfotrmcd cilh--'to i in the! fcqu.ccy
r ang r 0 14e -00C k 1 zt s ir a GC neral Ra1 Io Br:de s.I 'cm-. )so di ;C b o 1 r reic 21

re'-'on :.jNc Thl !;t!> of scanning the

the '.rt;c rodu. J -v iln arid re-ssing ten)dcJ to bc brile "hen ;re

'a:I~ En in !C'tr, ajrc rcumd 'pcfl ' 0cd c is Ic4i e o cotif... i 1 s
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Some curvecd ". otherwise comp:icatcd suran c-A pcssiti: solution io this p oblcm i s
the incorpzraticr, ofa :hi-d rnz:erial in :h- -om,-cs;:c ;,- or-der to p-ovide increa-sed

fiexibili~y. A 1,uoro-.-!as:,,mer may ha'C I th-e CS %esr 770;ertiCS ,r z:i a;-:iic-
b-,t a p! asi&c mayb:r sier t inro7- 'crar ro a ma:-T ix of :he t, pe enm'ed

We have investizaied the use of p!astic;-c sar-'&es in a !imniied manner. %Vc
fir st partially disso:\ ed P\DF pellets i n a ' arm77 M:xr XU7COf Met' \15Ul hoxid- a nd
ditne'.hyl fir-mide solv ents to shi Ch meaurd quanti:ies or : rioctyl phosphat and
dioc*.vI phzhalatt pasticze. s :ere added. On coolin g. a suspen sion of P'D F as
obtained hich could be, 7nied easily %vit h PZT powNder to form a compos;:e. The.
m~xtures . ere a:!o-Ac to d7% slowlyI in a ewof noist nitrogen and then A e
Pressed into thik ;'-.Ms 1C2 hiCkneISSI 21, 0ooM :2n-r2a:ur. These Aere me
\'auurn dried for 4h ',' remo C-cN -': raz f L', oc'\. beLebieodtoe t
333 K to itnpros e tetr.The fims -A c.- a-ndthi hazrs!:

mesre n the mne ecie bse

Re5''LT3' AND Dt5CL:SStON

T~ ica chrene nd isearine:rasie~sfc.r PZT and a compcosi~ '

an forh (- 4)PZT conten!t ar% shA n Fi. I I-, may_ be obe .e hat at 3 K
adfra :0oA field of 0.16Nl[V m- a stady s:are codcin urn sahi'd

w it:hi n ! C-,3 s. S,iila-r b: 'hastiouL:r 'A as Vound at' all : :einpMra-ur. a Z';7Sb _o % ' IK 2nd fcr
the. ranee or f-elds in'\ cstiCatd m tpre7Sent ok, T ', h2, Cain Ze_ -urr:S f1.2-r

II

FI (h. Fg rd jslbi',j rci :vgs, PZT , d -~5 -1 PZ T op !C I 3K
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Figure 2 shows sinilar data for pu7.- P\ODF and for a composiite sample
conta in; ng equal values of P%*DF and PZT. The ch3reinz cL:urrts are 10owest for

PN'DF and it ma, be ob:se,'cd thaLt t.he cu-tent after 10tD s-.creases as the
Proporton of PZT is incr-ascd.

PlT PV: ES/t h g-

PI/P-..1/

F ., V

f-P : S/C

Thren~ a diplar reorintaionsr.L %%n aesept for- puel PZ, hr rasi

c--,.rent dominated the conduction current.
The dischargin~g current transients -a% be transfor-med into the reivat w

frequency- dielectric loss informnation using Fourier anal!ysis or by the Harnos
approxinmation. The loss factor u" at frequency fis relate-d :o the discharce current 14
al timne t s following the removal of the field E (= V 'di, 'Ahec V is the \olsacc and d
the thickness. by the equation

1, ( :c, (.1i'p

%%here C. is the geometric capacitance of the electrode assemnbl\ %kithotut the sampic,

V V the magnitude of the step \oltage and f the Hamon frequcncy gisen by
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The approximation is onlY valid providI that the charcine tit.- excccds th~e
recorded discharging time by about an order of magnitude. In thc present 'okthe-
ch~arginc time was lOOO~s %shich allo~ks us to transform discharging data up to
lfK)O s and prosides lI" frequency loss information to frequencies as low a s
10- HL.

* LoW frequencY loss spctra for PZT. P\DF and a 50% ol.* PZT-50% ol .',~PNDF
* cnmpm;s:e sample are shown in Fig, 1 in Ahich the loss factors for P\kDF adfor :he

composite sample hase been multipliedl by, a lfactor of l0 in 0.rder to impros e
A peak may be observed for PZT in the v icinity of I mHz and "sith a macnitude of
9O.This may be due toicinic impuries. to the motion of p-otons or to the presencc of
et-ctronic space charge which mybe trapped at domain %%a!ls. This last possilits:
m-a' be- quite likely in a ferroelectricmate7rI such as PZT %%hich is i.h>polar. No
peak may be. obse-re-d in ,h- other materials but it is -70o1ba'le lha-t :he los5 ProceSS
does 2iak at this te-mperatu-re but at a lo~er frequency and outsiid- the rat-ce
inves-.ii..ted in t.he pset ork. This iS CconSis ent %kith o.7 earlier %vki71 hihK s

obsrse the raxaioninP\'DFatO~ 0.! Hz at 353 K. Thti rasi:-ee atr.ibu,:ed to
ant inter:f.acial polarization at cr~stal'in.--amor-phous bou--nd'aries o-, to thz! rubbery7\
fio\v of polymer chairs. The sim-;irit,% bet" %ce1 the low\ fr'equency ce uro h
composite material and that of pure P\DF succe sts that- .he pcI oerprprt
dominate,. the ielecitic be.haviour of th-e polymner.

a -

PVOF 1.i"t

Fg 3 L- rc 1k1  deteimc lo, 5;xcira rr PZT. P\ DF ard the corrpowe 1 3 K 5.rg i! e

Wie hakse shokkn elsesshere' that the conduction process in IPVDF at high
tempcratures and at hich fiels is best described by asn ionic model wkith an aserage
junip distance of 2.5 nim. The electrical conduction in a crstallinc ceramic such as
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PZT is also ion-ic and it appals Uke!y that heconducioni irt a composite of these
mate~ials would also b-- ionic. We havec ir-'%esticated :hi;s behaviour by analysitte the
field de-pct-.dece- of the conduction. CI r~ent ;~hi PZT an-d in a cornposite-, and the
ionic Conduction plo-.s a~e p-esent.-d in Fig. .a nd 5 tspcy.

.I

Fg. I n;: cnduct,,n pio2to PZT- VFcopw
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According to Lawson', the high field dependence of the ionic conduction
current I, is given by an expression of the form

I.('' - 1 (ne T) 02)

where is a temperature-d.epende.t cons:an in n"a:ino g h.e thermal ac;vaticn
ener', e is the electronic charge, j is the jump distance and k is B;ezm.-.an's
constant. Hence, plots of log 1, vs. E or voltape shou!d yie.d st, aight lines from hich
the average jump distance may be evaluated. From the gradients over the linear
portions of Figs. 4 and 5 the average jump distances in PZT and in the composite
were calculated to be 46 nm and 43 nm respectively with an uncertainty of 5 nrn.
These results seem to indicate that the role of PZT is dominant in the conduct::s itv of
the composite. However, the ana!sis given abose should be treated '.,tn some
caution as the range of fields employed may not extend to a s;mctent:v hich lesel to
ensure that an ionic mechanism operates. Indeed. the deviation rom ohmic
behaviour was observed to be only slight in the case of PZT. In the present vork '.e
have deliberately not considered alternati' e models such as the Schot:v effect and
Poole-Frenkel conduction as these may not be app.opriate in pol\mer s'stems
below fields of the order of l0 i, m -. It may. of course. be necessary to consider
such processes wkith the thinner films which m.ay be appropriate to capacitor
systems.

The dielectric constant for a ;\ko-phase system atith spherical dispersions has
been expressed by the formula6

2(l -x1F. +(1 2X.x)::2 -xt.s- -vic.

,here v is the 'olute fraction of the n. -, . and E. are the dielctric
constants of the respectise phases. We reer to this as fornula A for the
determination of the dielectric constant. This is a ecneral fo, for In
our examples, the dielectric constant of the filler 'phase 2t is much larcer m'an tre
dielectric constant of the continuous phase. Hence ,we may simphfv con.(Oj by
ornitting all reference to the dielectric constant of the ceramic. This lcacs to the
reduced equation'

1 +2x

We refer to this as formula B.
In Fig, 6 "e ha'e plotted the experimental values of the relati' e permitix ity of

the composites as a function of the olumne fraction of PZT. These data uere
obtained at a frequency of I kHz. In general, the salues wvould be expected to be
higher at lokser frequencies. On the same graph. "e hac dra" n the theoretical
pcrmittiviv curses using the above formulae. It ma' be obsersed that a linear model
"ould be superior soeither model A or model B but that model B pro' ides a closer
fit than model A does at high \olumc fractions of PZT. This result suggests that the
pcrmttiity of the ceramic is. indeed, unimportant and that "kc need to consider only
the polymer u hcn fabricating a high permittisity composite.

The ab)%e anal\ ses are based on the assumption that the ceramic pok,.ders may
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the %o]Lrrne lra-.o of PZT.

be rerars &d as a spher icalI incl-usion in an amorp., ous po I rec ic m:rix This E!l no:
cenera!]v be); the case bacause of -,he spherut prope. ties of a secrvsta..:ne5!-
po \y-er %%hich may inflenc th :ndinz sitrcs and because- :.he tut ofth
cerannic particle-s may not CC' et 'A"n.;Ih S:oherCals mn r.?r2ss
d ra%%i ne o r ro! 1:in -ma a:s o h i an rlfez T his p :!ssiility:i ma' be 2 z:o,,n: td fo r n a
bin-arY Sszcn by as cTa he :r.c:u dud particles Lr ii. od-.th rr_~a
axis berne in the xdirection'.

This p. oduccs a rnore co-mpe:x ,\prclsion for the- peritiiy f he compzos:te:

= .Vx~c~k6.
N 4- -r2 (E,-x)

Mlost of the s% mbols arc as previously defined above and S is a shape paramneter
which can be adjusted to rit the experimental data.

In Fig. 7 Ace have replotted the experimental pcrrnittivity data for the composite
sample as a function of the volumne fraction of PZT. Wc ha'e also drawn theoretical
curves corresponding to eqn. 6)for various values ofthe shape pararmctcr N. It may
be observed that no curve passes througeh all the experimental data points but that
the A' = 3 case provides the best fit. This is effectively the spherical case which
implies that this more complex model may be no better than model B. It is possible
that the shape parameter may itself be a function of the volumec fraction of ceramn:c.

r Ph~sically. this could be a consequence of particle attraction or of ditferine
distortion as a rc~ult of hot pressing. It is interesting to note that eqn. (6) reduccs to a
linear mosdel w~hen N = 0. liossever. this is not a reasonable possibility in the present
case and it would require the polimcr to have 7.ero periiivitY.
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Fig. 7. E.eet.: of par:i:i shar on ,e :ni:i~h ofeonpasiie anate ai: ×. data.

As mentioned prey iousy., the experimental values cited above are -hose
measured at I kHz. For capacitor applications lower frequency information may be
morerelevant, especiaflv if'de'ice operation is to be as mains frequencies (50-60 Hz).
In Fig. 8 we present the frequency dependence of :he relative permittivities of PZT,

1 20 -

PV2F 
I/tDI

~PZT 

/$0)

100

00

PZT/PVDF 75/25t
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,- 

I 
' -. 1

!010 

10
(  

0

tfequtfcy IHIl

- ' : . I : , dcendence vf permitIrs% it) in PZT, PVDF and a composite material at 333 K.
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P\'DF and a composite ofzthe :'o materials. In order to optimize the vertical sca!e
we have multiplied the PVDF data by 10 and di\ided the PZT data by 10. It maybe
observed that there is little p:rentage change in the PZT permittivity o'er four
decades of frequency. In contrast, the permitivit of pure PVDF increases by near'.
40% as the frequency is decreas:d from 0, kHz to l0 Hz. The behaviour of the
composite material is sini.ar to that of the polymer alone and it may be obser ed
that values of permitiity ie excess of 100- ma be obtained at the lower frecuenciet.

In order to esplain the frequency dependence of the dielectric properties, we
have plotted ,he frequency dependence of the dielectric losses of PZT and of PVDF
in Fig.9 at 333 K. The -c process in PVDF' may be observed to peak at about
SO He. whilst a broad process is evident in PZT.A':thouch the relative magrnitudes of
the loss processes are similar, the process in the polymer is more signiticant beca;st
il implies a loss tangont of0.1 compared with 0.001 in PZT.

is-

Fig. 9 Frcqucnc Jcodcr.:e :Se &ictennri, loss in PZT and PV*DF as 333 K.

The frequency dependence of the loss process in the composites is shown in
Fig. 10. The behaviour is again similar to that of the polymcr up to 50', PZT
content. No peak may be observed in the 75'. PZT case but this may be simply
because of the increasing ionic effect or the prescnce of an interfacial polarization.
How,'e. er, it may be significan, that the actual le'el of dielectric loss incrcases as the
fraction of PVDF decreases. We beiic'e that this may be the result of decreased
steric hindrance in the presence of a filler rather than some more specific interaction
mechanism.

Finally. wkc has~c performed some preliminary mcasurcments on plasticized
composites. These samp;cs shoved superior mechanical properties and wcrc casier
to process than the simple bimar. sanple. Howc',:r. it was possible that the effect of
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?.s

2.S

the plasticizer would be to increase- the conductivity :o such an eatent that the e nd

product would be too lossy for practical applicaticns. As plasticizers also effect te
glass Uransition temtperature, it Aas also possible '.hat additional dilt -ric lcss
processes would be introduced or that \%tsce -cCsC w !d be shirted to 1c55

200 2S0 0 ISO400

Fig 11. Tcrmtealte dependence of the dielectic loss in patiscizid PVDF ith and %ithout PZT

Irequcricy. I kHzj.



8 -4 .N

04 D. K. DAS-GUPTA. K. DOLUGHTY

favour'7ab tepeatre or that their -nide o' becomec exceedingly l are
The, results shown in Fig. I1I prc'e that thi:s is rot the case. Etum the ternpraure
depe:nder:-ce of t dneott-ic !1055. only! Iwo Peaks may be obser'ed both for the
PV*DF-PZT-plasic:zer ar.d for PV*DF with plastiizer cr4 . The, se peak s2 agre e
inl term-s Of teprtt r~ieunvwith '.t tw- unaeta\elv ies
PVD?, the :, an~d -.t nprcsss These : eiee o 'e due: to m ca

It may be observed '-From r 11 that 1both the 1-C\ ac: orocsses are COrS.s ceran':v
incretased in ineoif y~-~ PZT btthat the,- cie-ct of the pasticieer is
comnparativy,~~r~c tI"c"l)a b odlteiu ~c of add irnan
ageert to increcase %ei t s av a o nocf .rstt not t hat the c-, proZcss ts

rot clear but woud!. mcst be'- vn beca-use the PZT patile nd their.a
preferentially1 into the . k . The a.process appear-s to be associated
wvith chai folds and, he-n--t--reI.. mic*: d b\ mechanical or ientation'
Or by) the dipo'a- al~r=n a d .'eZ

CCONCLI:StONS

We have pre-pared eo--V 2 -- eil ycobrn ; ih ptr.t7t v

T~n a--.t:.on ofpa~:' :sc~ -c.- c:ai

Can Vl:, -,Zn--

-.Z sS0 : Ca.:e c- p 2 .7--7 C-iln C Z

enur that no dielctric reaato00cr7ron .1ose - .

fC-7nCy of inre7st.
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APPENDIX A: NOMENCLATURE

C, geometric capacitance
d sample thickness
e electronic charge
E electric field
f frequency
Id discharging current
1, conduction current
!o  tempc2",re-dependent constant
j jump distance
k Boh4 .izann's constant

N shape parameter of filler particles
t time
T temperature (K)
V voltage

x volume fraction of filler
z permiltivity of composite

' permittivity of:he polymer (matrix phase)
t, permittivity of the PZT (1ilcr phase)
C dielectric loss fac:or
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Die!cctric and pyroelectric proper-ties of poiymier,'cerarnic
com-posites

D. K. DAS-GUPTA. M. J. ABOULLAH
School of Electronic En gineering Science, UniversH.'y College of North V'ales. De an Strieet. San caor.
G,,v,)neddtLL57 1ZUT, UK

Frltic ceramics such as Le-ad Zircorn .. :
rce PZT) armd BaTiO, base hich den~~ ~ .

it'. hicph piezo and p ro-eeetric coeffleje-nts Lnjce
tec~cmehancalcoupling which make the:n %erY

usflin numerous applicatiors. notab1% in, high neg-
Storag capacitors, acoust'ic emission de-tect:ion. i-A - - -

eon t.ares. medical imagingp sstens etc. Hoa es er.
the poor mechanical st.rength and rea:;-ti' ey high --

ac ot -a-oustic impedance hbase retrctd her ue .-

in sonic appiications. On the other hand. peoet
poy mers such olsiydeeFiloide iPVDFj and
its copoismer wxith t.riiluorethslerie (TrFEs base r--a
:> el low acoustic impedance whic h could pre Cide a t

good acoustic matchine to water or tissues. Moreo\ r
its cood me--chanical streneth tnalks it a %erv itcte '-r Crgrcr:;r. PZT 0VDF O' 5.:c7-r

mera.although it.s piezo and p~otetccoef- 35 K I a'\n'. '0 -3 a V\7-.
;:' L re relat ively low as compared to cerum-ies. 0 *\r . 7 .z

.a ereetic comnposite- rna. be dsce
to combine th uero leetro-actis e(rpris pee a en'cieof PZT cr3 PVDF cp-'

trceramics and th-e -mechanicalpr 7Cp4-sq- f - D-,;- 0 1

T o*-. ste can be. prepared by seseral aPZ P\D
asb emnbedding a piezoeleetrie tad CC, 's: ina 5 I1 PZT. - :-.

u.nrmatrix, by a re-plaminef-orn C rcea..
s--:ine ceraic and paN mcr phaseLs tocet!,t 1' ;

composuc coul bee prenar 3 ;- 1-O T. .,d 1,o ~ -"-7

desire.d size and composition. The prsckssorkrprt
he rs ult of a st ud y of a bso rption curren , as %k ell i

th dieect ric a nd p roel-ctric properties of PZI PYDI
Composites.N

Composite sanples were prepared from PZT .. N

ceramic possder (obtainect from Unilat.or. UK)mid
tip with PN'DF (grade Solef 11010. supplied by Laporte *

Trad.. UK) at 443 K using a hot roller machine. The
film was then pressed to approximatels 200 pm and an a-N ~ t
alutitiniumn electrode of 2cm x 2cm %%:Is \tseiiu;M
c\ a poratzed on botht sides of the film. The samples \N er e :
heni thermally treated in an esaucated measuremeint

chamber c< 10 tIorr) at 373 K for 24 hours, before 5- *N .,current absorption tmeasurenments Acre performed.
The dielectric dispersion measurements %scr: mtade 1'2
using a General Radio Bridge ltype 1621) or uaing at"
1> Stein comprising of a Solanrron rcspnnae t - Non~
anal~scr and BliC micr-colntputcrs 'hich base rectl)
been deselopej at UNCW. Bangor. The pyroclctric'\2. Z
currents %%ere measured using a direct meithod [41 by
applying a linear heating rate of approximatel
l*Cmin-' to the samples sshich base been poled I-o [le ISI
appropriately. Absorption currents and dielectric Figsse 2Charging (R) and discharging (*) currents in PZT PVDt'mcasurementt stere also made with PZT discs and al difT~crl eompvlsiens A 36 K siih r~'ting Acid 7 xt10v\rn".

("M1 .5,I S 03 (10 + .12 tC lQ-v8 Ckimnd d1 Ltd. 167



! H7,% of .t o 3f fis~ m IZT
A i1 \DF -''soit10.: 3tJ PZT.ata:;n

'he sr'''~-':- cnrb: of the PiT

j. d ur-n !~c s ai funatton of licid for PiT.
/PiT P% 1) a-id picl. lUs~ncih C 'prcssion fOr a

I Cu'd SiC Car. 12i I. a:s dun.'%C c y K \ott and

1,- cn (p i T v (cu,.E T (1)

A C- s Jtie ti5t:7;. ton Cr '.c '.

L -i--- ir ; stnce for Pi s found to be
9w00:.n ohereas for piceel. 'S - n-r and for PiT

- , (iO \ o ) P\DF. d = S mIt m;- b ob-serred, iha

F.:- t;:5% et~a Lr C. tet to = 0' scc tn PZT P'\ Dli7 cnt 'o-th PiT cur'e i- ; s4 h haer
n- W0' currnt t 10 sec arc not iescadv s 'te curr-ent for

.ricur' e-:\s manot '.- rat or corn-

\%-s; man mc-s to shorter, timecs a,: h chcr. -cs. ma L--' n \ it h PiZT c es. I n -C ale o S0f] fo

-e cat to space charges in P\DF [5.T\- teal sets "'a'L! -taedfom s:te\'5L. Cu -nts 'ac

c.. zn c a ndJ diseharin curent g n tr o-n--r-hnc te PiT P\ DF

-a-t shoron F ie-. 2 at the eharcine fleld_ ot- cop :te crcexpce to be- greaterthnte us

e10' \,nV' at 363 K for i0and 50 'ol 1 PiT. The. calc-ulated at 10' sec. Con.arn tn:e PiT PVDF

- .ai-iyof the-discharcinrrent has be.en recoi cur' es at 10 and 50' ol PZT shoss the addition o-f
rFor discharging currents. tnt 'art ation of more. PiT phase %\iI increzase the d-\ a:ts
is very sn sa\l, i~e. betw\een 0.92 and 0 5'9 fo Fie. 5show,%s t.he beha' our of pemti:% ,'v a -
~n - PiT contposit.ion. wIith orecu ener for PZT P'.DF comnposites and piec!

The b ha' our of isoeh-ronal charcing cu.rrns ti. at 63 K. The c-values for PiT 53' \o1 ",I P'DF and

c-ent at constLant times) at 10' sec at nzdd Q" -ted hx been divided b\ 1f!. for th' -- o ot
3 1' nr- in tLhe composite isss n as a fr- clar~tv, it mnay be2 Zb''cita te

tin of :em-peratuc rin Fig. 3. The correspondi:ng bh- PiT P\VDFitendi toi rell: e

;urof pieci is also plotted for conr-arison. In.a relax a t frecqucece;2 higher than I!'kHz, 'C

cases, the current increases wi:th teprtr lthough pieeel the artatton. inc vaue are not as--uh -qta

i-2 nature of the increase is different :I the three case. of PiT PVDF composites. Acodngo' 'a~-.ua C,

At lo% :temperature. t.he difference in curnis %e. cry of . the pemtt'tt-or the compov n :' s
ite s:

w\here is the parameter ettritu:ed to the shape of the-
elpodlprticles. a the volume fraction of the ellip-

soidal particle!s. r, the pernitti' ity of the continuous
/ mediem and r, the per-mitti' ity of the ellipsoidal

particles. Taking the \alucs of r, = I I 1P\'DF).

ad 7 r. = 1240 (PiT) and the \alue ofi. chosenr as S to fit
Equation 2. the calculated \alues o-f rclati'e permit-
Iti \n as I kHe are r' = 20 (for 10 'ol 'o PiT) and

/ 0 r. = 90 (for 50' ol '6 PiT) whic:h arc in good agree-
-p--'l ~~meet with th obscr' ed \acs se i. t

The dielectric loss beha'iour jFig!. 5) of the PiT
I'\IDP and picel composites show rclakxion so ih a

broad pea kwhich may he due to the relaxation of the
poleer l'\l) w lich occurs ait aI sinil., r freqsicncv

P tiland temiperature range. The loss is seen to increaise
0t considerably at low frequencies for hither content of

o I '5PiT in PZT. PVDF. indicating the dominance of PiT
CiV -;,I* to, tP2ti

t10'i tPZI 50FPiel I at low frequencies.
Figarr 4 Isohronat charging currents at t(Y'%cc x' a runcti,n offRctd Fig. 6 shows the dielectric loss behaxiour against
in PZT. PZT PYOF and peret at 343 K, I.) PZT. e0 PZr temperature in the composite or PiT, PVDF arnd
tS.olW1*.' PV'DF. tot pitet. (6) PZT (t0,ol 11.j P'DF piezel. The obsersed peaks "%hich occur at - 360 K in
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1. NTRODUCT!ON

The use of ferroeo:-,z:c beie ase' -,n tateand ctrm-
'7'~ndn and is ex21cled to0 give a ereater impact in eect:.sn:c :stv

V~'~, us : sorne ma me s e-
-.0 To ts poc.: mc:hanical s-eng:h and i~'

meias such as 4UC-, -- rh:jde (F% D;) Z-d .
vin~id. .. t~uoi ,'/v"- t 'd- ' tc and . '~

hase Cecen:1v be'en ernpoyed foredca anJ t:r-
Rela.;i' to cera-.i5 s, *.he% a e rExibbe, touh. ;c-t a-'d ao...~ good acc,:':
matching to \%a*,er a..d b oloz c. :issue. rurthco:-.c, e in -sof thesep
czan be cut or bent ito ccp:- shapes, which' cou d Fcvide an added at :'z
as compared :o Ilerroelectrc c:ramics, alt -.. h ' -r Pe G and O '
coteffciertt are relatively lo'~er.

In rcct-.t times, ferroelectric composites of ce.-an-,ic and polymer have recel..ed'
considerable attention due to their good piecoelcctric propertzies for transducter
applications. 2 There are mart wa3ys in producing poiy-mer-ceramic composites.'
but the simplest method is by intr oducing the ceramic partI'cles into the PC; c,
matrix. The polymer-ceramic composites thus constitute a newv structure ssh:h
rnicht diver in many respects from their single phase components. Hence the
design of the composites wkith optimum properties becomes vety challenging since
its Propcrties do not only decpend on the mateials anJ the comnpositions tut .lso
on their interconnections. Such composites wkould xhilbit piezo- and p :oc'Lzti-
ciyirhvae utbypci The piecoc!cc::ic constant 'or the compostit
depends on the piezoelectric constant of thc dispersoid. the dielectric pcrtnittis ty
and the elastic constant of both the phases.

Similar dcpentdency may also be obscrxcdI for the pvroclcctricity of thec
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composite. A detailed inestieation :s still needed to develop the material wvirh
optimum practical valhes for '.arious applications.

Composite of PZT/PVDF have been prepared in our laborrtories and the
nature of their absorrion currents ha'e already been reported.' Present work
reports the resu'l. of absorntion current studies of a commercially available
compos:te of a PZ'r,'mpo',mer. \,DF (PIEZEL) together ::h q,.;:-steady stre
conduction, dielectric and pyroelectric behavicu;r of PZT, PVDF conpcsite and
PIEZEL. Some limird results of steady state conduction and dielectric studies cf
PZT has also been provided.

2. EXPERIMENTAL

PZT,"VDF composites are prepared from P ZT5 ceramic powder (supplied b,,
Unilator, U.K.) mixed up with PVDF pellets (trade Solef 11010, obtained from
Lporte Trad., U.K.) at -3K using a hot roller machine and then pressing into
film of approximately 200am in a temperat-e controlled hydraulic press. Afterdepositing an alumni.um electrode of area 2 cm x 2 cm and thickness 70- A on
both sides of the sample film, they, were then thermally treated in an evacuated
(<0-5 orr) measu're.ent chamber at 373K for 24 hours with their electrodes
sho..ed bfore any applicaticn of external polain:ns electric fie!ds. Such thermal
treatment prier to measurements was found to impro'e repe'atili:y of theresults and rends to reduce any trapped (shaiiow) charges and surface charces.
S:mi'ar procedure of electrode depositing and subsequent theral of

.,sam..les were a!so performed for PIEZEL (nominal thickness of 250 cm
suppFiled by Daikin Industries Limited of Jaren) and FZT (2'mt.m ickness,
su-:pl:ed by Unilator, U.K.).

A Branderburg type 472R high stability pitoromutilier EHT sur-l','  used
for Ctrging or Poling the. sar.les. In the charng:. ,d dishar.ig procedure.
the samples were thermally conditioned as described earlier. before the app::ca-
ton of each of the next chare:ri fields. The currents ,ere mon::ored 'vitha Cary
electrometer (model 401) or Keithlcy (model 67,) khich were then sitabl fed t3
a recorder.

The dielectric data "were taken using a General Radio Bridge (type 1621 "with a
1238 detector and a 1316 oscillator) or using a Solartron Frequency RespnnseAnalyser and BBC microcomputer automatic system which ha'e recently been
developed at CCNWV, Bangor. The pyroelectric currents \\ere jreasured using adirect method,' in w\hich a linear heating rate of approximate!\, 1 deg/min was
applied to the samples which have been poled appropriately. The pyroelectric
responses of the sample ,ere also studied by a dynamic method "7 'S by exposing
the samples to a step input of well focused radiations from a tungsten filame-t
lamp through a quartz window of the sample chamber.

3. RESULTS AND DISCUSSIONS

The effect of polarising filds at constant.tenpcrature on charging and dischargingcurrents in PIEZEL is shown iniFigure [, The polarity of the discharging currcnt
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0R0I Chzging an dihztn m.::cz,:s in ?;EZEL dic7:ni ntls arcn-:pcra~u~e31 K.

4I(i) has been reversed for the purose of clarity. It may be observed that the
difference in magnitude bet-een 4,(t) and 4,(t) at cons:ant tirnes increased whh
increasing charging fields, demonstrating the inlue.ce of contributions of the
steady state of conduction current at progressive:y shorter times. The behaviour
of 1,(t) and 1() at different temperatures in t.,e rar)ge of 313 K-373 K at a
charging field of 3.5 x 10-s Vm - ' is shown inigure..2.'It may be observed again
that at higher temperatures a steady state i:onducti6n begins to occur which
causes the charging currents to deviate from the corresponding discharging
currents at progressively shorter times with increasing temperatures.

Above observations are in agreement with the behaviour of 49(f) and J,(:) in
polyvinylidene fluoride. The monotonic decay of the discharging currents with
time wete observed to follow the well known expression:

1(t) = A(r)t-" (1)
where A(T) is a temperature dependent factor, t is the time after removal of the
external applied field and n < I in the range of fields and temperatures of the
present measurcment. The steady state conduction currcnts %cre observcd to
have been reached at -104sec (=27.8 hours) at 293 K and 3.5 x 10' Vn --'.
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1ot 10 1C l
I

l:,

I 'Secl
?lGURE 2 Ch'arging; and ,'ischa.G~r~g Ctur.c=n:s in ?:E-.E._. at di ,-::tnt am- : nd fic;d
3.5 x Vm-

Obvious!y, at high fields and temraur2Ues, tesicady stale conduclion- ',evej is
.reac]'ed at relatively shorter time~s.

The. conductivity of the P1EZEL satmp'e at 34'3K was oblserved to be
1.2 x 10-11'-m - 1 which is about one order of magnit,_de h'gher than that of
PVDF. It has been shown previously 9 that the charging cu-rents in PZT reaches a
steady state value at relatively shorter times (-100 sec) giving .he conductivity.
value of 9 x 10-100 - 1 m- 1 at 343 K, which is about 3 orders ao" magnitude higher
than that of PIEZEL. Thus the charging and discharging currents behaviour and
the level of steady state conduction in PIEZEL are very close to that of polymer
phase.
I Figure 3 hows the nature of isochronal (i.e. at constant times) charging

currn,s for':different fields at a constant temperature of 343 K. An analsis of

their behaviour shows that the slopes of log 1,(t)/Iog E plot at high fields region
are greater than one and non-linear at longer times and higher fields, thus
indicating possibly a presence of ionic or electronic space charges.

The temperature dependence of the steady .state conduction 1, at 10' see for
different fields in PIEZEL is shown iniFigure ...

The behaviour of I, as a function of field may be analysed with respect to three
conduction mechanisms, i.e., Schottky emission, Poole-Frenkcl effect and ionic
conductivity. Previous results"° have shown that the Schottky and Poolt-Frenkci
models many not be the origin of the steady stale conduction current ir. PIEZEL.

I.
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FIGURE A Temperature 4cpendence of suasi-s'tody state currents in~ PIEZEL li i20 %ec rof
different chargint ficids.
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Das-Oupta et a/.I have ako rejec:ed the possibility of Schottky and Poole-
Frenkel conduction in PVD7.

Ionic conductivity has been observed unambicuously both in ceramic and
polymeric systems. Based oz a modcl of diffusion of lattice defccts or ions and a
carrier hopping process, t it may be shown :hat:

1,-=Icerp(-.1 bk T) S nh,.,-,-Z T )()

where 1o is a constant, d th- jump distance, .AU the activation energy and E the
applied electric field. Equaton (2) may be reduced to:

l- -J.,exp(-.AUIKT) exp(edE/2kT) (3)
for high electric field region (eEd>> 2kT). Hence a plot of log i, versus E at any
particular temperature Tshould ive a straight line at high _fields with a slope of
edE/2kT, from which the ralue of d may be evaluated.iFigure 5 shows such an
ionic plot in PIEZEL at several temperatures, giving the values of d in the range
450-85* A in the temperacere range of 303-373 K. The values of d for PZT were
found to be in the range 660-1020 A at temreratures 303-343 K while for
PVDF", the a. erase juaa ,u ,a found t.o be (25 =.))A. Thus the ionic

./ x !:3

I*"3 K o

0 40

.

F IGUR 30 In 0 0 10 
S * IO

t  
i'¢t

FIGURE S loni c onduc:ion ploi$ ini PtEZEL at different icmpcraiurcs.
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conduction process :n PIEZEL appear to have a signifca.t contribution from tha
PZT phase.

The ionic plot for isochronal charsring currents at 10'. sec at 343 K in PZT, PZT(50 Vo. %)/PVDF and PIEZEL are shown in)Figure 6 for comparison. The jump
distance for PZT is found to be -900 A, wheireas for PIEZEL, d = 280 A andPZT/PVDF having d- 80 A. It should be noted, however, that except for thePZT curve, the values of charging currents at 10' sec are not the steady state
current for the other two materials and hence the calculation of d-values for thesematerials may not be appropriate for comparison with PZT. The values of d for
PIEZEL, calculated from steady state currents (-10s sec) is greater (-450 A);hence the d-values for PZT/PVDF composite is expected to be greater than the
values calculated at 10' sec. The high d values obtained in PIEZEL, as compared
to PZT/PVDF composite may be due to high content of PZT phase prescnt in
PIEZEL. Indeed, the increase of PZT phase content in the composite would
increase the values of the jump distance."
iFigure 7 'shows the behaviour of dielectric permittivity and loss in PIEZEL atdifferent seif'yeratures. It may be observed that the values of c' decrease whi!e itsrelaxation strength increases as tcmperature is increased in the range 34 K-

375 K, thus indicating a thermally activatcd process. Such a process is clearly seen
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FIGLURE 7 Thec t-ehaviour oft( and c - f . rquecy:) in ?IE -L a( differ:'%t :'.mpt.raw.uCs.

in the beha~icur of the loss f'unctio e in which a '.-oad rlaxaticn peak is
obseved and it shifs to higher frequ-ency -"c- inceasing temperatues. The
activation energy of this process is found to '.e 1.20eV which is comparable -.0
that in P%7DF, i.e. LOWeV. This A-;!! suggest that -,he relaxation1 process ;
PIEZEL may be due to X-rel2xat1iO-1 in the polymer phase, which has been
assigned to molecular motions in the Cry-salline phase. Peious resuhs' ° have alsoshown a presence of a low frequency (-10-'H ,) peak in PIEZEL which

corresponds well to that of polymer PVDF,' 2 thus suggesting again that the
dielectric behaviour of the composite is in good agreement with that of the
polymer.

There is no observable relaxa~tion process in PZT in the specified frequency
range as can be seen from iFigure S,, which suggests that there is no appreciable
movement of domain wails' or phas 'oundary. It may also be obser-ved that a
broad relaxation peak is also present in PZT/PVDF composite as shown in Figure
9. The high conductivity term of ceramic phase is seen to contribute significantly
at low frequencies in the PZT/PVDF composite. The values of c' for PIEZEL
and PZT/PVDF appear to be the same a( high frequencies, but it differs
significantly at lower frequencies, which may be due to the interfacial charges
residing in between particls of ceramic in the amorphous phase of the polymer.
There is no appreciable change in the values of e' for PZT in the frequency range
of 10Hz-]O00kHz. Thus the high relaxation strength obtained in PIEZEL and
PZT/PVDF composites may be due to the effect of ceramic parti(cs in the
amorphous phase of the polymer.
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FIGURE S The behaviour of c' and c against frcqency in FZT, pZT,?VDF and PIEZEL at

363K.

The dielectric loss behaviour with temperatures in PZT, PIEZEL and
PZTiPVDF composite are shown in.Figure 9,,from which t may be oSser,'ed that
there is a elaxation peak in both composi'escf PIEZEL and PZTiPVDF while
in PZT there appears to be no relaxation. The relative d c'.:e Of Peak Psition
may be attributed to the nature of polymers rnp!cved. Again, the loss process
seemed to be due to polymer phase with an added co.:ibu:icn from PZT phase
at low frequencies and high temperatures.;

P 'ZT /P%,C F

P Z T.

293 303, 31) 3 12) 3)3 303 IS3 363 ' 23

FIGURE 9 Dielectric las behaviour aainaI temperature in PZT, PZT/PVDF and rlEZCL at
I Wz.
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Assuming a composite svsrm in %xhich4 ellipsoidal particles (ceramic) are
uniformly distributed in a continuous medium (polymecr), the dielectric pcrn.i:-
tivity e of the system is expressed as:'

where n = 4n~in is the parameter attributed to the shape of the ellipsoida'l
patceq st' olucic fraction of the ellipsoidal particles, e, is the perm,'itit

of the continuous mediurt and c, the permittivity of the ellipsoidal part.icle.s.
Using el(PVDF) = !1,' 2 (PZT) = 1300 at 363 K, the calculated values off
permistivities with n = 7 and S are- plotted as a function of PZT volumne
percentage, along wi:h Che experimentally observed values, in:Figu-re I0 The

* theoretical curve with -: value beirg between 7 and S, may re~sornablv ith
experimental data obtained, %xhich is in good agreement with the curve obtained
by Yamada ef ci. [4] in PZT, PVDF (r = S. 5) and Vu aldhar and Pi!:ais in
BaTi03,PDF (ni = 7). It may also be- observed from Figure 10 that the dielectric --

loss is inevitably increased as the PZT content is increascd, and it is r.kedl%
ccc:: .~ ~tiu a~yi the !.4' freiluency reetion.

In the direct methods of measuring pyr oelectric co-.5cient a sariplt is heated at

J a consant ae wih its eej rdes shorted and the short-circuit ur, rt--S
monitored with an appropria:e i 'ipedance electrometer. The first run provides
irreversible current which is sueuni educed in the following runs. A typical
thermally stimulated discharge cur rent (irreversible) and pyroelectric current
(re',ersible) in PZT (50 vol 7c),jF\DF is show.n in Ficure 11 ' which -. as obtained
with the pre-poled sarnple at 373 K in electric *field of- 1.2 x 10' vnfi for
2.8 hour;s and cooled :o room em rarein the presence of field. The firstrn
show,;s a very high iecrease in current with no peak up to 373 K. It may be

6CL 6

o1

;D .10 is . 0 $0

FIGURE 10 Dielectric permiiiik,:v and tois j, a fnction or ccramic vluimc pi-tceniqge in
PZT/Ps OF composite at I klz 3nd 163 K.



ELECTROACT;VE PROPERTIES OF POLYMER-CERAMIC COMPOSITES II

S tp • '.,,L'L Y.' x

5, .31

:1 3 :53 3C3 .3 3:3 323 2.3 233 33 3-

FIG U R 11 T'pi:al th'r -.C',v ' . dis arg - .rr:rr aid 'y o :: : : : u: : .

po'ssibie 'o observe the peak if it is heated slirh*v abcve 373 K. SK-.1re
obse-aon had been made by Shalcchahtinsk'i ct al.:' in 'hich no peak had
bte observed below 373K for composite of PZL'po.e:hyene. ThC sccond
.::ng shows substantial reduction of current as same crarae s h ae been

-..as-d durring he first heating. The third s-bse '-er.- hea:!rc so's no
apprecfablc c:-ent :eductic'n, ihus establishing a rCvers:.)e pyrcc'ric C .
i-1 the sample. The pyroelectric coeffcient p(T) can be evahaei using the
.iowi~ng -elation:

P(T) ara; (5)

where 1, is the short-circuit pyroelectric current, a the sample area and dT/dt is
the heating rate (I deg/min). The calculated value of p(T) at 343 K gives about
2 x I0" coul/m/K which is significantly higher than that of the well poled
P-PVDF (1 x10-5 Coul/m-/K) obtained by Inoue et al.," at the same
temperature. Although the p value in PZT/PVDF composite is lower than that of
PZT (p-S x 10' Coul/m-/K), its pyroelectric figure of merit pie' is about 5
times higher (taking e'(PZTIPVDF) - 95, c'(PZT) = 1250 at 343 K).

lFigure 12 shows the behaviour of the first run (irreversible pyroelectric current)
and the third run (reversible pyroelectric current) of the TSDC spectra for
different PZT content of PZT/PVDF composites. It may be obser'ed that the
diffe:cnccs bctcen the current values of thcse two runs is more pronounced for
low concentration of the ceramic in the polymer matrix. A poss;ble explanation
for this behaviour may be described as follows. The conductivity a of an ionic
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T, 373K

4 3'Id 1-,

S 20 31 . SD
PZ7 T Vol. %

FIGURE 12 ThCrMzlNI st:.'nuta!ed d;s chArz c-zrrcn:s spec:ra 'or va6rious cra ic %olu e fc 2
at 32.3 K in PZT/PVDF composi:c.

material may be expressed as:

-exp- (6)

where the activation energy U is given by AU=AW/2e' and W is the energy
required to separate the ions in a dielectric medium. Equation (6) implies that the
conductivity is increased due to an increase in the permittivity E'. Thus, a higher
conauctivity would arise for high PZT content of the composite. In addition it is
possible that an increasing ceramic content may introduce deeper traps resulting
in a decrease of released charges. Of course, it should be stated that an increase
in conductivity does not necessarily provide an increase in the reversible
pyroelectric current.

The pyroelectric coefficient for various contents of PZT in PZTTVDF
composite at three different temperatures are shown in 'Pigure 13. The sarnles
were initially poled using the same poling parameters. (E. = 7 x 0 I I /M"
, = 373 K, tp = 2.8 hrs). Generally, the pyroelectric coefficient increases as--1'e

PZT content in the composite increases. Assuming that the pyroelectric
coefficient for the composite depended on the pyroelectric coefficient of the
dispersoid and the relative permittivity of the polymer, the composite pyroelectric
coefficient p may be expressed as."

P = q0GPZ (7)
where q is the dispersoid volume friction, a the poling ratio which is defined as
the ratio of an arbitrary chosen value of polarization to the saturation value at a
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.:: T in PZT. FVDF co.-,-:.se

-at:icu!a- e "- pv:oelec:: coefce..t cf : h -: and G is .-.c 1 o"
:e:.art given as:

G = n :t¢,- 1 +.,, + (,, - 1)('e : - !a) )
G=(e¢/l - 1 + nj + (Cl:it- 1)"<' -1): -~ yq,'(S

'-,here :he syMbois have been previously deined. Using . , = 0.S. :=l
E2 12&3 and pz = 3 x 10- Coul/m-/K, the ca-u %a!e v es of p are cbtained
.or PZT/PVDF cormposizes vith difee-.t PZT conter.t at :33 K, and ae shov, n :n
Figure 13. It may be observed that there is a good agreement between
experimental data and calculated values for composi:es \%',h high con:ent of PZT

* phase. For low PZT content, the observed values of the pyroelectric coeicicnts
were less than the calculated values. This deviation may be causcd by the
uncertainties in the chosen values of o.

The dynamic method 7 provides at alternative way in measuring the pyroe!ec- -

tric response of the materials. The p)roelectric cocfficie..t p(T) in this method
may be obtained from the following relation:

1 = Kp(T) (9) -

with

K _Fa 09,1e (10)
pCL

w-here lp._ is the peak value of the pyrc- -tri current rcsponsc, p material
density, t% is the radiation povcr absorbed per unit area of the electroded
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when a step inlput cf r.adiatton was incidcnt onto the Sa-pe C"-:'Cdt af"er '.he
Cmetnof the thud.- TSDC rut cf zhe pre-poecd sa ' F'' ik ss tha-t

:h-:eC exists a linear relat~onship betweecn the pvroceczeric coct',cient p(T)
deemirsed by the direct and the dynamic methods with composite Samples poled
at -t"rte dfferent fin-ds in the rangEa(.-05 x 10, f

The constant of pr-oportionalit.y K (see Equation (9)) is found to be 2.1 x
IC m2 s- K, which could be cons; deed as a constant for the sam e sample
.7atlerial having the same electrode geometry with the incident radiation po ;er
and the electrical, the thermail ti:me constants of the system remaining unchanged.
A comparison of pyroelec*tric coeEcient between PZT/Pv'DF composite and
PIEZEL, obtained by the direct met~hod can be seen in FTigure 15, Both
comrposites show an appreciable increcase of p(T) values with temperatures. The
value of p(T) may still be enhanced by increasing the magnitude of poling hield,
limited by the bresa:down voltage of the material. It may also be obscr'ed Itom
Figuret IS that the p(T) values obtained by the direct method in PZTI'PDF
compositc "hich is indiced the most accurate method, are somew hat higher than
those obtained by the dynamic method, particularly at high temperatures. Furthter
"ork is necessary in this respect.

In ccnrcluision, it is suggested that the steady state conduction proccas in the
poivrnet-ccramic composites may originate from an ionic hoppiing tmrchanism
whi:ch hat a significant contribution fronm the PZ.T phase. The dielectric loss
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PMRELECTRIC )OM Dtfl.ZCTRIC PRPEXTTIES OF
POL0E-CEPAkk(C COMOSITE

OWK. DAS-JPTA and H.J. A.OLLSN
School of Electronic Engineering Sciences,
University College of North Wales,
Bangor, Wales, U.K.

ITR7OUCTON

Ferroelectricity in well-poled polyvinylidene fluoride (P':zrv
is a phenomenon which is now well supported. lHoweVer, the piezo- cc-I
pyroelectric responses in this polymer are significantly weaker th-an
those of ceramic oxides. it would be attractive to design composite
materials which will halve the mechanical properties of polymers with
the electro-active properties of ceramics. Such materials ic..' te
useful for diverse Sensor applications, viz, acoust~c emssz'n
detection, hydrophones, biomedical applications, thin film capacitcors
etc. one of the chief requirements cf a capacitor is that a :sa-ge
capacitance to volume ratio is desirable. A high ratio requil.res a
thin film, a high dielectric constant and an acceptabLe elec-r~zal
breakdown strength. Suich a material nay be designed by a jud:c :us
incorporation of fine grain ceramics in a suitable polym er matrix.

Present work reports the result Of an investigation of the
dielectric and pyroelectric properties of compsite llac
BaTi0 3 and PZT halve been located in the matrix of PVI:F.

EXPFERNAL

PuOF pellets (types A and B) and fine grain (1-2-) P-75 and
PZT8 were obtained from Laporte Industries and Unilator Tectnical
Ceramics Limited., respectively. CooksLon plc. generou;sly prcv. el us
with BaTi0 3 grains (lm.The compsite hides were prepared wi th
suitable concentrations in a rolling Mill at 433Y. A temperatcre
controlled hydraulic press was subsequently used in the second stage
to prepare films of minimum thickn-ess Of 200 wn. 7.-e albsor-ptlcn
current studies, the dielectric measurements and pyroelectr~c
behaviour investigations were made as described in our pre.ou s
,orkl-4. The different composite mixtures used in this work w .l I
designated thus:

Composite A: PITS/7F/OF-A (:clef ll1ll : 50,/50 (volune fraction;

Composite B: P2TB/PTF-B (So~ef 10CS( : 50/50 (volume fract~cn)

composite C: BaTio1 /PVOF-B (Solef 1008) : 40/60 tvolume fraction)

PVOF-A pellets (Solef 11010) of Composite A films were observed
to be more opaque compared to P/OF-B (Solef 1008) Of Compcso.te S
films. Ab~ove observations would suggest that the Solef 11010 pelllets
are more crystalline in nature than the Solef 10C8 P'.hF pellets.

PESULTS AND DISCUSSION

Figure 1 shows typical chairging ansi discharoa.mq cur-ent
transients 10 (t) and Id~t) respectively, for the conposite film.s A. !
and C for a charging field of 3.5 x 10' 'n'

1
- at 361K. It .I: be

Observed that composite C reaches a quasi-steady state value os I-nt)



2O6

at -103s while composites A and B seem to take a longer tine ('lts;

to reach such conduction levels. It has been shown that the steady*
state conduction mechanisms

1 
in such composites is of :on'c nature

which is also true for ceramic materials Futrthermore, ionic
condyction has also been observed in PVOF at high fields and hich
temperatures where the charge carriers hop through the defect sites
along the chains

5
. The discharge current Id(

t
), behaves according to

the well known expression:

Id(t
) 

= A(T) t-n ... 1)

where A(T) is a temperature dependent factor, t the tLe after the
removal of the charging voltage and n <1. In this work n-value was
found to be 0.6 - 0.7 for all three composites. A very broad
distribution of relaxation times is indicated by n--l.

The observed dielectric behaviour (c' and e") of the three
composites are given in figure 2 in the frequency range of 10 Hz - E5
kHz. For composites A and B the e' - values (real part of the
dielectric constant) are very similar and higher than that of
composite C. The permittivity c of a composite syste may Ie
expressed thus

6
:

F nq( 2 - cl)
= £1 l -

I  
... (2)

i nel - (C2 - ci)(l-q).

where cl is the permittivity of the continuous mediun (i.e. P'.TF in
our case), e2 permittivity of the ellipsoidal particles (ceranics,
n a parameter attributed to the shape of the ellipsoidal particles.
With n - 8, e)FVOF) = 12, C2(PZT) - 1300 and £2 (BaT 1iO) = 170C, the
calculated values of permittivities of composites A and C are S6 and
70 respectively which are in good agreement with the ex-erimenta"-y
observed values, i.e. ('compsite A = 100, ('composSte B = 1c5 and
E'composite C = 80 at 1Hz at363K.

The c" behaviour shows a broad relaxation (noticeably -,ore for
Composite C) at "lkHz which is attributed to ac-relaxation of the
polymer (FVDF) phase. For composites A and B, the e" values increase
significantly as the frequency is reduced and this nay be attributed
to an ionic conductivity or electrode polarization effect. Composite
C also shows such a behaviour as the frequency goes below 10 Hz.

The beha,,iour of 0" at 1kHz in the temperature range of 293-
378K is shown in figure 3.

The observed high temperature peak at '363K is in acreenent
with that in PVDF and it is associated with molecular motions in the
crystalline region of the polymer

4 
with added contributicns from the

ceramic phase. The increased dielectric loss with increasina
temperature is usually ascribed to the ionic conductivity which is
present in both the polymer and the ceramic phases.

Thermally stimulated discharge current (TSDC) plots of the
three composites which were initially oled at a field of 7x10

6 
Vm 

-

for -3 hours at 373K and cooled down to room temperature in presence
of this field, is shown in figure 4. The TSDC spectra of composites
A and B are similar and have higher values of thermally stimulated
currents than that of composite C.

The pyroelectric coefficient p may be expressed thus:

p 1 d L ...(3a L/%
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where IT is the reversible pyroelectric current and dT/dt is the rate

of rise in temperature in a TSDC run. This is the direct method of

determining pyroelectric coefficient. For our measurements .p values

were identified from the third successive run of TSDC experiment thus

ensuring that the trapped space charges have been eliminated and that

I is truly reversible. The heating rate in the present TSDC run is

lc/min and a is the electrode area of the samples. Figure 5 shows

the behaviour of the pyroelectric coefficient p with temperature in

the range of 303K - 373K from which it may be observed that Composite

A has the highest pyroelectric coefficient as compared with the other

two composites. It may also be noticed that p values of Composite A

is greater than that of Composite B by approximately an order of

magnitude at 303K. It is suggested that the observed higher

dielectric losses (see figure 2) coupled with its lower elastic

stiffness in the polymer phase may be responsible for its smaller p-

values compared with that of Composite A which would be in agreement

with Galgoci et al
7

. Tamura et a1
8 

also have observed increased

piezoelectric coefficient with increasing elastic stiffness. The

pyroelectric figure of merit p/c',in composite A (1.5 x 10
-6 

C 
-2
K
-
l
)

is approximately 3.8 times greater than that of PZT (3.8 x -0
-7 

Cr,0
2

K
- 

) at 343K.
Pyroelectric coefficient has also been measured in this work by

a dynamic method in which p(T) may be obtained from the following
relationship

9
.

Ip(max) - Kp(T) ... (4)

9

(l-e(

where K = Foa e ...
PcpL

where F. is the radiation power absorbed per unit area of the
electroded sample, a the electrode area, P the density of the

material, Cp the specific heat, L the sample thickness, I the

peak pyroelectric current response to a stepwise radiatioi incident

on the sample, and e - rF/TT where TE and TT are the electrical and
thermal time constants of the system.

Ip(max) was measured at different temperatures using a stepoise

thermal radiation from a tungsten filament lamp. The pyroelectric
coefficients p(1) were calculated using the measured values of

Ip(max) of the dynamic method and equations 4 and 5 for composite A

and are also shown in Figure 5. It may be observed that the p(T)

values obtained by the direct method which is indeed the most
accurate method, are somewhat higher than those obtained by the

dynamic method, particularly at high temperatures. Further work is

in progress in the study of electro-active properties of Composite A

which appears to be the most attractive material of the three

Composites investigated in the present work. Table 1 provides a

summsary of results obtained in this work.
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TABLE 1 - SUOGLY OF RESULIS

Pyrelectric Pyroelectric
4' C£ Coefficient Figure of

S(1r-C
-
) (70

0
C) (70-C) p(T) merit

(90
0
C) (HL.Z) (1kHz) (Cofl.-2r-

1
) p/, (70

0
C)

000

PZT 3x10
- 9  

1300 1.2 SXi0
-4  

3.8x10
- 7

BaTiO 3  10-
9
-10

-8  
1700 7iv'

-
1 4.lxl0

-7

PVDF 3x10
- 13  

12 1.0 9.oxl0
- 6  

7.5x0
-7

Composite A
(PZT5/PVDF(A)] 1.4x10

1 0  
95 6.0 1.4x10

- 4  
1.5x10

-6

50:50

Composite B
[PZT8/PVDF(B)] 1.3x10

- 0  
96 6.5 3.3x10

-5  
3.4xl0

-7

50:50

Composite C
[BaTiO3/PVDF(B)] 3x10

- 0  
73 6.2 8.0x10

-6  
.lxl0

-7

40:60
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1. Grades Piezel is available in the following two
grades.

Thickness Width Length
Product no. T (mm) W (mm) L (mim)

N25 0.25 200 200

L25 025 200 200

In addition to these two grades, the All grades can also be specially ordered
following types can be specially with different dimensions.
ordered.

P type (polarization treated)
E type (polarization treated, with
electrodes)

2. Features Piezel possesses many excellent
features.
The main features are as follows.

2-1 Flexibility Because Piezel uses fluoropolymers as in impact resistance to piezoelectric
a matrix, it is both flexible and superior ceramics.

2-2 Excellent processabllity Large-area sheets can be obtained, is easily done. Moreover, Piezel als,
and processing, such as cutting, etc., makes heat-processing possible.

2-3 Excellent piezoelectricity A high degree of piezoelectricity can be
achieved, and there is no piezoelectric
anisotropy.

2-4 Long service life Piezel displays a:most no piezoelectric
deterioration ehen afler long use.

3. Properties

3-1 General properties Item N25 L2

Specific gravty 5 5 - 6 0 5 3
Elasticity E (N, m 109) 2-5 3--6

Tensile strenqth TS (kgltcm
-
) 150 - 200 150 - 200

Volume resistivity ev (-cm) 10 :. 10 ,
Drelectrlc constant i (at 1 kHz) 100- 120 1Z0O - IS

Breakdown veotage BDV JMVInn) 8 8
Piezoelectric constant d 3, (C/N-10-;) 15-25 20-30

e:, (C/m 2 
-10-

)  05- 1 1 -5
g:-, (VmN.- 10-) 15-25 15-2:
k , 101 4 5-55 5z
d: iCIN10-':') 40-60 30 40

e33 (C!m- 10-') 1 -2 1 .2 5
g 3 (Vm,, N -10- 1 40-60 20-30
k.13 1%) 7- 12 5-8

Note: Condition shown in 5-2 Measured at 25*C (77°)



3-2 Temperature Figures 1. 2, and 3 show the between modulus of elasticity (E) and
characteristics relationship between piezoelectric temperature; between dielectric

constant (d3 l) and temperature; constant (r) and temperature.

Figure 1 Piezoelectric Constant vs. Temperature Figure 3 Dielectric Constant vs. Temperature
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Figure 2 Elastic Modulus vs. Temperature
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